Abstract. The broadening of spectral lines by neutral perturbers is an important factor in the interpretation of the observed spectra of cool stars and is often included in the analysis by using a simple van der Waals formula. Detailed calculations are carried out for selected lines and are used to examine the validity of this formula for a range of temperatures.
INTRODUCTION
Accurate pressure broadened profiles of alkali resonance doublets are required for modelling of the atmospheres of cool stars and for generating their synthetic spectra in the region 400-900 nm. When the theory of line broadening developed by Baranger (1958a,b,c) is used, the profile is simply Lorentzian and the widths and shifts of the lines can be calculated.
Accurate calculations of line widths and shifts are impossible unless interatomic potentials for the emitter-perturber system are well known. The calculation of these potentials for both ground and excited electronic states, valid over a wide range of interatomic separations, represents a big challenge in itself. The use of three-body models of atom-atom systems to calculate interatomic potentials is discussed by Peach (1982 Peach ( , 2010b and comparisons with ab initio calculations for the Na*-H system are presented in Section 3.
The general quantum-mechanical theory of Baranger is applied to lines of lithium and sodium broadened by hydrogen and helium and to a self-broadened line of argon for temperatures in the range 70 K ≤ T ≤ 10000 K. Comparisons are made with the corresponding van der Waals formula to test its validity.
SPECTRAL LINE BROADENING
An early version of impact theory was published by Lindholm (1941) . The relative motion of the two atoms in the collision is treated semi-classically and is assumed to follow a straight-line path. The half-half width w and shift d are given
( 1) where 'Av' denotes an average over degenerate components of the line and N is the perturber number density. The impact parameter is denoted by ρ and the relative velocity is v. The function f (v) is the Maxwell velocity distribution normalized so that
The phase shift η is obtained from
and for van der Waals broadening V (t) is replaced by −C 6 /R 6 (t), where R is the interatomic separation. Then the integrals can be evaluated analytically, see Peach (1981) .
The impact approximation to the general theory of Baranger in its simplest form can be established simply by making the transition
and then 2ρdρ →h
and the integral over ρ is replaced by a sum over l. The phase shift η(ρ, v) is replaced so that
where η i (l, v) and η f (l, v) are elastic scattering phase shifts for scattering in the adiabatic potentials that describe the initial and final states of the system. The general theory, see Baranger (1958a) , is discussed in detail by Whittingham (2009) and Peach (2010a) . Essentially the effects of the complete scattering wave functions are included in the expression for the width and shift instead of just their asymptotic forms. Leininger et al. (2000) , Olson & Liu (1980) , Zemke et al. (1984) ; b present work Table 2 . Interaction potential energies, V (R), for the A 1 Σ states of NaH in a.u. a Leininger et al. (2000) , Olson & Liu (1980) , Zemke et al. (1984) ; b present work Table 3 . Interaction potential energies, V (R), for the a 3 Σ states of NaH in a.u.
a Leininger et al. (2000) , Olson & Liu (1980) ; b present work. Monteiro et al. (1985) ; they obtain 10.6 from their approximation (iii) Peach (1981) T ( Peach (1981) T ( 
RESULTS
Molecular potentials for the Li-He and Na-He systems have been obtained using the three-body model and are discussed by Leo et al. (2000) . Subsequently they have been used in line broadening calculations by Mullamphy et al. (2007) in which the scattering was treated using a close-coupling formulation.
Extensive tests have been carried out to see how accurate a three-body model proves to be when applied to the system Na * -H. The X 1 Σ, A 1 Σ and a 3 Σ states have been accurately determined by Olson & Liu (1980) , Zemke et al. (1984) and Leininger et al. (2000) . In Tables 1-3 their results are compared with the present work based on the three-body model. The agreement for the A 1 σ and a 3 Σ states is very good for R > 2.5a 0 and for the X 1 Σ state when R > 4.5a 0 . In all cases, the present potentials should be the most accurate for large values of R, because atomic basis states are used which give essentially exact results for the energies at infinite separation. Extended tabulations are given by Peach (2010b) .
In Table 4 , results are shown for the resonance line of lithium broadened by helium. The general Baranger theory is compared with its corresponding impact approximation. The agreement is very good and the results become essentially identical as temperature increases.
In Tables 5 and 6 results are shown for the resonance line of sodium broadened by hydrogen. There is good agreement with other theoretical results and van der Waals theory predicts widths that are consistently less than the accurate results so that for T = 10000 K they are wrong by a factor of two. This effect was originally studied by Dimitrijević & Peach (1990) . In Tables 7 and 8 similar comparisons are made between the Baranger and van der Waals results for two lines of sodium broadened by helium and they illustrate similar trends.
In Table 9 , results for an argon line broadened by neutral argon in its ground state are shown. To obtain these proved to be particularly challenging from the point of view of building a sufficiently good model for the calculation of the Ar*-Ar interatomic potentials. The results show that in this case the Baranger theory and the van der Waals theory actually cross over at about T = 1120 K, but differ by over a factor of two at T = 10000 K.
CONCLUSIONS
The general Baranger theory has been used in which the scattering of perturbers by the emitting atoms is described by accurate interatomic potentials. An analysis of the widths of several lines shows that the van der Waals approximation which is widely used in the analysis of stellar spectra, can be in error by a factor of two.
